We show that the mean transverse momentum of charged hadrons, pt , in ultrarelativistic heavyion collisions is proportional the temperature of the quark-gluon plasma from which particles are emitted. We introduce an effective hydrodynamic description of the system created in a relativistic heavy-ion collision to relate experimental data on pt and charged-particle multiplicity to the thermodynamic properties of the quark-gluon plasma created in experiments. We find that Large Hadron Collider (LHC) data on Pb-Pb collisions at √ sNN = 5.02 TeV is compatible with a deconfined medium with entropy density s = 20 ± 5 fm −3 and speed of sound c 2 s = 0.24 ± 0.04 at a temperature T = 222 ± 9 MeV, in agreement with lattice calculations. We identify the main sources of theoretical error in the extraction of these quantities from heavy-ion data.
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The hydrodynamic framework of heavy-ion collisions successfully explains the bulk of particle production. The little droplet of quark-gluon plasma undergoes a very quick phase of thermalization [1] before evolving according to the equations of relativistic hydrodynamics [2] . The fluid eventually decouples into individual particles as its density decreases [3] . This freeze-out yields a number of resonances which decay into stable hadrons [4, 5] .
The relation between the temperature of the medium in the hydrodynamic phase and the mean transverse momentum of unidentified charged hadrons, p t , has been speculated for decades [6, 7] . However, despite early attempts [8, 9] , it has never been explored in the context of hydrodynamic simulations. The reason is that the temperature of the quark-gluon plasma is not a single number, but a nontrivial function of space and time. In this paper we introduce an effective temperature, T eff , which averages out this complex space-time information, and which follows closely the p t of charged particles, irrespective of collision centrality, colliding species, centerof-mass energy, and viscous corrections. We argue that the dependence of p t on collision energy provides a robust measure of the speed of sound of the quark-gluon plasma produced in these collisions.
We define the effective temperature, T eff , and the effective volume, V eff , of the quark-gluon plasma as those of a uniform fluid at rest which would have the same energy, E, and entropy, S, as the fluid at freeze-out. They are defined by the equations
where the integrals run over the freeze-out hypersurface. T µν denotes the stress-energy tensor of the fluid and u µ the fluid 4-velocity. and s denote the energy and entropy density in the fluid rest frame, which are related to the temperature T through the equation of state. By taking the ratio E/S, one eliminates V eff , and one can solve the resulting equation for T eff , using the equation of state. As will be shown below, T eff and V eff are remarkably independent of the freeze-out temperature. Hence, they provide simple and unambiguous measures of the thermodynamic state of the fluid, averaged over its space-time history.
Before embarking on quantitative calculations, let us draw a simple picture of how these quantities are related to observables. In thermodynamics, the energy per particle is typically proportional to the temperature. Specifically, it is equal to 3T in a massless ideal gas with Boltzmann statistics [10] . The transverse momentum of a particle concides with its energy in the ultrarelativistic limit and near midrapidity. Therefore, it is natural to expect that p t ∼ 3T eff . Furthermore, for a given T eff , one expects the charged multiplicity per unit pseudorapidity dN ch /dη to be proportional to the volume V eff , since the multiplicity is proportional to the total entropy.
To illustrate and verify this picture, we compute T eff and V eff in hydrodynamic simulations of Pb-Pb collisions. We assume a boost-invariant longitudinal expansion [11] , and we neglect the baryon chemical potential. These are good approximations at ultrarelativistic energies. We initialize hydrodynamics at a time τ 0 = 0.6 fm/c [12] after the collision. We neglect the transverse expansion before τ 0 [13] [14] [15] . We assume that the entropy density at time τ 0 at a given transverse point r, s(τ 0 , r), is proportional to √ T A T B computed at r [16, 17] , where A and B label the two colliding nuclei, and T A/B is the integral of the nuclear density along the longitudinal coordinate (or, equivalently, the thickness function in the optical Glauber model [18] ). The proportionality factor is adjusted at each collision centrality so as to match the observed charged multiplicity near midrapidity [19, 20] .
The centrality is specified by the impact parameter, b, of the collision. The relation between centrality fraction, c, and the impact parameter is geometric, c = πb 2 /σ PbPb , σ PbPb = 767 fm 2 being the total inelastic cross section of Pb-Pb collisions at √ s NN = 5.02 TeV [21] . We run a conditions [22] , where the same prescription for entropy deposition is used, although with the inclusion of initialstate fluctuations [23] . We include initial-state fluctuations in our smooth calculation through their effect on the transverse size of the system. The mean transverse momentum in hydrodynamics is sensitive to the transverse size [24] , which is somewhat reduced by initial state fluctuations. To take into account this reduction, at each impact parameter we shrink our smooth initial conditions so that they present the same radius R 0 (see below Eq. (2)) as in the full T R ENTo parametrization, tuned to data as in Ref. [25] . The correction to the size is of order 5%, 15%, 30% at b = 2, 7, 12 fm, respectively.
The fluctuation-corrected initial conditions are then evolved using the MUSIC hydrodynamic code [26] [27] [28] . We run ideal and viscous hydrodynamic simulations. In order to assess separately the effects of shear and bulk viscosity, we implement either a constant shear viscosity over entropy ratio, η/s = 0.2 [29, 30] , or a bulk viscosity parametrized as in Ref. [31] . Cooper-Frye freeze-out [32] is implemented at the temperature T f.o. = 156.5 MeV [33] , a reasonable choice in a hydrodynamic setup that does not implement partial chemical equilibrium [29, [34] [35] [36] or a hadronic cascade [37, 38] . The viscous corrections to the momentum distribution functions are evaluated using the quadratic ansatz [39] [40] [41] . We take into account hadronic decays after freeze-out, but we neglect rescatterings in the hadronic phase [31, 42, 43] .
We evaluate the mean transverse momentum of charged hadrons in the pseudorapidity interval |η| < 0.8. This observable does not require particle identification, unlike the mean transverse mass [44] [45] [46] , but it requires to cover the whole p t range, and the low p t particles are not detected. There are two strategies in order to compare theory and experiment: One can either implement the same p t cut in the calculation, or extrapolate experimental data down to p t = 0. We choose the latter approach, because hydrodynamics is meant to describe the bulk of particle production, and because this extrapolation has been carried out by some of the experiments. proportionality relation p t = 3.07 T eff is satisfied to an excellent accuracy across the full range of centrality, confirming the expectation p t ∼ 3T eff . Shear viscosity increases p t while bulk viscosity decreases it [49] . The remarkable result is that T eff is modified by the same relative amount, so that p t = 3.07 T eff holds irrespective of transport coefficients. Note that hydrodynamics captures both the absolute magnitude and the centrality dependence [30] of experimental data [47] , shown as symbols in Fig. 1 (a) . The experimental observation that p t is almost independent of centrality implies in turn that different centralities correspond to the same T eff .
Figure 1 (c) displays the variation of V eff with centrality. This volume is mainly determined by the initial density profile. We define the initial radius, R 0 , as
where s(τ 0 , r) is the entropy density and the integration runs over the transverse plane. The factor 2 in the numerator ensures that for a uniform density profile in a circle of radius R 0 , the right-hand side gives (R 0 ) 2 . For dimensional reasons, the duration of longitudinal cooling is proportional to R 0 , and the volume V eff is proportional to (R 0 )
3 . This is confirmed by the results in Fig. 1 (c 
We now study the dependence of p t on system size. Values of p t and T eff are almost identical for both systems. This robust prediction of hydrodynamics [25] is confirmed by experimental data. Once scaled by the mass number A, the charged multiplicity and the effective volume are identical for both systems [50] (Fig. 2 (b) ).
We now look at the dependence on collision energy of T eff and p t for central Pb+Pb collisions. Figures 1(b) and (d) display the variation of p t , T eff and V eff as a function of dN ch /dη in the window |η| < 0.5, scaled by the mass number A. This ensures that the plot would be essentially identical for other symmetric collisions, such as Xe+Xe, Cu+Cu or Au+Au [51] . The proportionality between p t and T eff holds across a wide range of collision energies, irrespective of transport coefficients. Deviations at the level of few percent appear only at Relativistic Heavy Ion Collider (RHIC) energies. The volume V eff remains essentially constant, which confirms that it is mostly determined by the initial radius, R 0 . The slightly larger values at lower energies can be attributed to the softer equation of state, which slows down the expansion.
We conclude that, in hydrodynamic simulations, the ratio of the mean transverse momentum to the effective temperature is independent of transport coefficients, collision centrality, system size, and collision energy, and that the effective volume depends very weakly on the collision energy. These are general properties of hydrodynamic calculations, which should not depend on model details. We now apply these results to evaluate thermodynamic quantities from experimental heavy-ion data.
According to the results in Fig. 1 , the effective temperature is related to the mean transverse momentum p t by T eff p t /3.07 from the top RHIC to LHC energies, and beyond. In combination with the experimental result theoretical uncertainty on the value of T eff comes from the proportionality factor between p t and T eff , which depends on the freeze-out temperature. Thermal fits to particle abundances return a temperature close to 160 MeV [52] , which sets a natural upper limit on the freeze-out temperature. On the other hand, any temperature lower than 150 MeV would miss the particle ratios after decays by a significant amount. Figure 3 displays the variation of T eff and p t within this range. Note that T eff is significantly higher than T f.o. because T 0µ in Eq. (1) includes the kinetic energy due to the collective motion of the fluid. In fact, T eff is almost independent of T f.o. , showing a mild increase in Fig. 3 , while p t decreases. We checked that these results change very little if partial chemical equilibrium is implemented [34] . We conclude that the error on the ratio p t /T eff is about 4%, which sets the uncertainty in Eq. (3).
The previous result allows us to perform a back-ofthe-envelope estimate of the equation of state. A massless ideal quark-gluon plasma with Boltzmann statistics has a particle density n = gT 3 /π 2 [10] , where g is the number of degrees of freedom (color, flavor, spin). If the number of produced hadrons is equal to the number of particles in the quark-gluon plasma, and taking into account that only two thirds of the hadrons are charged, the particle density in the quark-gluon plasma is n = 1.5(dN ch /dη)/V eff ∼ 4 fm −3 , where we have used the value of V eff ≈ 780 fm 3 from Fig. 1(c) . With the value of T eff = 222 MeV, one obtains g ∼ 30. This large number shows that the color degrees of freedom are active, or, in other words, that a deconfined state is produced.
We now evaluate the entropy density at T eff from experimental data. The charged multiplicity gives a direct measure of the entropy. A recent evaluation of the entropy per particle from HBT radii and identified particle spectra in Pb+Pb collisions at 2.76 TeV gives S/N ch = 6.7 ± 0.8 [53] . The effective entropy density is then related to the multiplicity through the formula:
The theoretical uncertainty on V eff depends on transport coefficients and initial conditions. The uncertainty due to transport coefficients can be evaluated from Fig. 1 (d) and is of the order of 15%. The uncertainty due to the initial size is comparable. Different models of initial conditions give values of R 0 (see Eq. (2)) that differ from the one used in our calculation by up to 3.5%. Since V eff is proportional to R 3 0 , this results in a 11% uncertainty on V eff . Taking dN ch /dη from ALICE data [19] and V eff from the ideal hydrodynamic calculation in Fig. 1  (d) , assuming that dN/dy 1.15dN/dη near midrapidity [53] , and adding all errors in quadrature, we obtain, at √ s NN = 5.02 TeV,
This estimate can be compared with theoretical calculations of the equation of state in lattice QCD. With realistic quark masses [54] , these calculations give s QCD (T = 222) 17 fm −3 , in agreement with our estimate. Quite remarkably, all large sources of uncertainty (freeze-out temperature, transport coefficients, system size) cancel if one considers the relative variation of p t and dN ch /dη with colliding energy, rather than their absolute values. The effective volume is essentially constant with energy, so that the effective entropy density is proportional to the multiplicity; Analogously, the effective temperature is proportional to p t . This implies:
These relative variations do not involve the proportionality coefficients, which are the dominant error for both quantities. Taking the ratio of the right-hand sides in Eq. (6), one obtains the velocity of sound at T eff :
We estimate the right-hand side using 0-5% central PbPb data. We use the extrapolated values of dN ch /dη at 2.76 TeV [55] and 5.02 TeV [19] , and p t spectra from Ref. [56] , without carrying any extrapolation down to p t = 0, i.e., assuming that the relative variation of p t is insensitive to the extrapolation. We obtain 
where the error bar comes from taking into account the possible variation of the effective volume between the two energies, which we estimate to be at most 3% according to the results in Fig. 1 (d) . Our result in Eq. (8) is in agreement with the lattice value c 2 s = 0.252 at T = 222 MeV [54] . Since we use data from the same detector, it is likely that experimental errors also cancel to a large extent as one studies variation with √ s. Note that Eq. (7) explains the conclusion from the Bayesian analysis of Ref. [57] , that the RHIC and LHC data in combination provide a better constraint on the speed of sound than either alone. We do not show RHIC data for the following reason: The latest data on spectra [58] are limited to p t > 0.5 GeV, and the extrapolation down to p t = 0 would entail large errors.
In summary, we have introduced a simple effective description of the system created in heavy-ion collisions. Combined with hydrodynamic simulations, it allows us to infer the thermodynamic properties of the quark-gluon plasma created in experiments, and could be used to perform comparisons between the results of different hydrodynamic models. Our study could be generalized to include nonzero baryon chemical potential at lower energies. A proper treatment of fluctuations may also lead to new insight, since the fluctuations of p t [59] [60] [61] should be determined mostly by the fluctuations of T eff .
